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O R I G I N A L  R E S E A R C H
Digital photography provides a fast, reliable, and noninvasive 
method to estimate anthocyanin pigment concentration in 
reproductive and vegetative plant tissues
























samples.	Recent	advances	 in	digital	photography	and	 image	processing	make	 it	 the	














tration;	 however,	 the	estimates	 from	digital	 images	performed	better	 than	 spectral	
reflectance	in	terms	of	r2	and	normalized	root-	mean-	square	error.	This	was	particu-
larly	noticeable	in	a	species	with	striped	petals,	but	in	the	case	of	striped	calyces,	both	










in	 all	 organs	 and	 are	 usually	 stored	 in	vacuoles	 of	 the	 epidermis	 or	
mesophyll	(Gould,	Davies,	&	Winefield,	2008;	Lee,	O’Keefe,	Holbrook,	
&	Feild,	 2003;	Wheldale,	 1916).	 In	 flowers	 and	 fruits,	 anthocyanins	
confer	colors	ranging	from	orange	to	red	to	blue	to	purple,	whereas	
in	vegetative	organs,	mostly	 red	or	purple	colors	are	observed	 (Lee,	
2007).	 The	 pigments	 absorb	 light	 at	 specific	 wavelengths,	 and	 the	
remaining	 light	 is	 reflected	or	 scattered	by	plant	 structures,	 such	as	




accumulates	and	 its	concentration,	but	 their	color	can	also	be	 influ-
enced	by	the	type	and	amount	of	linked	co-	pigment,	metals,	and	pH	
(Gonnet,	1999;	Tanaka	et	al.,	2008).













A	battery	of	methods	has	been	used	 to	quantify	 the	 amount	of	
anthocyanin	 pigment	 present	 in	 plant	 tissues.	 Pigment	 extraction	
by	wet	chemical	methods	 in	organic	solvents	and	subsequent	HPLC	
or	 spectrophotometric	 quantification	 is	 the	 most	 frequently	 used	
(Abdel-	Aal	&	Hucl,	 1999).	Although	 these	 biochemical	methods	 are	
extremely	accurate	 (Lee,	Rennaker,	&	Wrolstad,	2008),	 they	are	also	
time-	consuming	 and	 expensive;	more	 important,	 they	 consume	 the	
tissues	measured,	limiting	investigation	of	other	aspects	of	color	(e.g.,	
pollinator	 preference,	 fitness,	 etc.).	 Some	 remarkable	 alternatives	
to	 biochemical	 methods	 are	 based	 on	 UV–Vis	 spectral	 reflectance	
(Gamon	 &	 Surfus,	 1999;	 Gitelson,	 Chivkunova,	 &	Merzlyak,	 2009).	
Analysis	 of	 reflected	wavelength	 distribution	 through	 digital	 porta-
ble	spectrophotometers	 following	the	use	of	appropriate	 indices	 for	
the	specific	pigment	has	become	a	widely	used	methodology	to	es-
timate	 relative	 pigment	 concentration	 in	 leaves	 and	 fruits	 (Gitelson	
et	al.,	2009;	Merzlyak,	Solo,	&	Gitelson,	2003;	Richardson,	Duigan,	&	
Berlyn,	2002;	Sims	&	Gamon,	2002)	and	even	 in	petals	 (Narbona	&	







On	 the	 other	 hand,	 digital	 photography	 is	 a	 fast,	 noninvasive	
alternative	 which	 has	 become	 the	 method	 of	 choice	 for	 measur-
ing	 color	 both	 in	 animals	 and	 in	 plants	 (Bergman	&	Beehner,	 2008;	
Garcia,	Greentree,	Shrestha,	Dorin,	&	Dyer,	2014;	Kendal	et	al.,	2013;	
Mizunuma	et	al.,	2014;	Stevens,	Lown,	&	Wood,	2014).	With	relatively	
simple	 camera	 settings,	 a	 few	precautions	before	 taking	 the	photo-
graph,	and	easy	image	processing	(Stevens,	Párraga,	Cuthill,	Partridge,	
&	Troscianko,	2007;	Troscianko	&	Stevens,	2015;	White	et	al.,	2015),	
digital	 imaging	 is	 an	efficient	 and	 reliable	method	 to	quantify	 color,	
even	 in	 the	 field	 (Bergman	&	Beehner,	 2008;	Macfarlane	&	Ogden,	
2012;	 Stevens	 et	al.,	 2014).	 Recently,	 there	 have	 been	 several	 in-
triguing	applications	of	digital	photography	to	study	plant	and	animal	
coloration,	 such	 as	 assessment	 of	 color	 change,	 pigment	 patterns,	
and	 camouflage	 (Akkaynak	 et	al.,	 2014;	 Gómez	 &	 Liñán-	Cembrano,	
2016;	Stevens	et	al.,	2014;	Strauss	&	Cacho,	2013;	Taylor,	Gilbert,	&	
Reader,	2013).	In	spite	of	these	advantages,	the	use	of	digital	images	
to	 faithfully	quantify	color	variation	 in	plants	 is	 in	 its	 infancy.	As	 far	










for	 different	 plant	 tissues	 and	 pigmentation	 patterns.	 Thus,	 we	
assessed	anthocyanins	 in	petals	 that	 accumulate	anthocyanin	pig-
ments,	as	well	as	in	other	plant	parts	such	as	pedicels,	calyces,	and	
stems	which	also	contain	chlorophylls,	 from	a	 total	of	 six	 species.	
Each	plant	 tissues	 studied	 showed	variation	 in	 color	 intensity	and	
pigmentation	pattern	(uniform,	striped,	spotted,	and	with	veins).	The	
digital	 image	method	was	 assessed	 by	 comparison	with	 the	 color	
indices	 with	 anthocyanin	 concentration	 quantified	 biochemically.	
Color	indices	based	on	spectral	reflectance	were	also	compared	to	
anthocyanin	 concentrations.	Most	 anthocyanins	 are	 characterized	
by	 an	 absorption	maxima	 in	 the	 ~520–560	nm	 region	 (Merken	 &	
K E Y W O R D S
anthocyanins,	color	measurement,	image	calibration,	image	processing,	intraspecific	variation,	
pigment	quantification,	pigmentation	pattern,	spectral	reflectance
     |  3del VAlle et Al.
Beecher,	2000).	Although	UV	reflectance	may	occur	in	the	flowers	





Herein,	 to	 estimate	 anthocyanin	 concentration,	 we	 focus	 on	 the	
use	of	digital	images	to	capture	data	from	the	visible	region	of	the	
spectrum.
2  | MATERIALS AND METHODS
2.1 | Plant materials and sampling
In	spring	of	2016,	we	collected	one	flower	from	19	to	41	individuals	
of	one	or	two	populations	for	each	of	five	species	in	southern	Spain	
belonging	 to	 phylogenetically	 diverse	 angiosperm	 groups:	 Borago 
officinalis	 L.,	 Malva sylvestris	 L.,	 Moricandia moricandioides	 (Boiss.)	




species	except	for	B. officinalis and S. littorea	for	which	we	also	collect	
pedicels	 (approx.	 1	cm	 long)	 and	 calyces,	 respectively	 (Figure	1).	 In	
addition,	we	studied	stems	of	Sonchus oleraceus	L.,	from	which	1	cm	
of	the	main	stem	was	cut	with	a	razor	blade.	For	four	of	the	six	sam-








for	 the	other	 two	methods.	For	 the	 remaining	species	 (M. morican-
dioides and O. italica),	 only	digital	 images	and	biochemical	methods	
were assessed.
2.2 | Anthocyanin quantification by biochemistry
After	samples	were	placed	in	microcentrifuge	tubes,	they	were	tem-
porarily	stored	for	1–2	hr	in	the	dark	at	room	temperature	and	then	
frozen	 at	 −80°C	 until	 subsequent	 anthocyanin	 extraction	 and	 bio-
chemical	quantification	(1–3	months	later).	Due	to	the	thinness	of	the	





Three	 replicates	 of	 200	μl	 per	 sample	 were	 measured	 in	 a	
Multiskan	 GO	 microplate	 spectrophotometer	 (Thermo	 Fisher	
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maximum	 absorbance	 (Amax)	 of	 anthocyanins;	 this	 wavelength	 was	
confirmed	with	the	literature	whenever	possible	(Table	1).	Some	spe-
cies	with	similar	anthocyanin	derivatives	showed	different	maximum	





Total	 amounts	of	 anthocyanins	were	expressed	as	 absorbance	units	
(AU)	per	cm2	of	fresh	material.
2.3 | Color spectra measurements
UV–vis	 spectral	 reflectance	 of	 each	 sample	 was	 measured	 with	 a	
Jaz	 portable	 spectrometer	 (Ocean	 Optics	 Inc.,	 Dunedin,	 FL,	 USA)	










Prior	 to	 using	 digital	 images	 to	 estimate	 anthocyanin	 content,	 one	
must	 confirm	 experimentally	 or	 using	 the	 literature	 (e.g.,	 Andersen	
&	 Jordheim,	 2006;	 Harborne,	 1994)	 that	 the	 pigment(s)	 underlying	
the	color	of	 their	 samples	are	anthocyanins.	The	method	presented	
here	was	 tested	 for	 samples	containing	exclusively	anthocyanins	or	
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tissue	color	and	thus	introduce	errors	in	any	subsequent	estimation	of	
anthocyanin	concentration.
The	 four	 steps	 necessary	 to	 quantify	 the	 anthocyanin	 concen-
tration	from	digital	 images	are	depicted	in	Figure	2.	First,	we	used	a	
Sony	α65	DSLR	 camera	 (Sony	 Corporation,	Tokyo,	 Japan)	 equipped	
with	 a	 Sam	 18–55	mm	 autofocus	 lens	 (transmitting	 wavelengths	












Second,	 each	 sample	 was	 photographed	 with	 a	 ColorChecker	
Passport	(X-	Rite	Inc.,	Grand	Rapids,	MI)	for	standardization	across	light	







Third,	 we	 calibrated	 digital	 photographs	 to	 allow	 their	 use	 for	
objective	measurements	of	color	or	pattern	within	or	between	pho-
tographs	 (Akkaynak	 et	al.,	 2014;	 Stevens	 et	al.,	 2007).	 For	 image	
processing,	 we	 used	 the	 freeware	 “Image	 Calibration	 and	 Analysis	
Toolbox”	 (Troscianko	&	Stevens,	2015),	which	 is	a	plugin	 for	 ImageJ	
software	(Schneider,	Rasband,	&	Eliceiri,	2012).	The	major	advantages	
of	 this	 toolbox	 are	 easy	 linearization,	 high	 precision,	 and	 low	 data	








ized	the	RGB	values	 (Figure	S1).	Regions	of	 interest	 (ROIs)	were	se-
lected	in	each	image	(i.e.,	specific	areas	of	plant	tissue	analyzed),	and	
the	mean	values	of	 red–green–blue	 (RGB)	 channels	were	extracted.	
Following	the	recommendations	of	White	et	al.	(2015),	the	size	of	sam-
pled	area	and	the	number	of	pixels	per	unit	area	are	shown	in	Table	1.
2.5 | Color indices and statistical analyses
Four,	we	used	the	RGB	values	in	several	indices	to	analyze	colors	and	
estimate	 pigment	 concentration.	 In	 the	 literature,	 there	 are	 a	myr-
iad	of	 indices	 that	can	be	obtained	 from	color	 spectra	data	 (Endler,	
1990;	Gitelson	et	al.,	2009;	Gomez,	2006;	Montgomerie,	2006)	and	
digital	image	data	(i.e.	RGB	values;	Gillespie,	Kahle,	&	Walker,	1987;	







and	 a	minimum	 at	 approximately	 550	nm	 (Figure	1),	 and	 other	 five	
new	indices	for	digital	 images	comparing	the	G	against	the	R	and	B	

















the	 sequential	 Bonferroni	 test	 to	 control	 for	 experiment-	wide	 type	
I	error	produced	by	the	fourteen	 indices	we	compared	 (P < α/14	for	
each	dataset;	Rice,	1989).
To	 compare	 the	 accuracy	 of	 the	 model’s	 predictions	 between	
the	spectral	reflectance	and	the	digital	 image	methods,	we	used	the	
normalized	 root-	mean-	square	 error	 (NRMSE).	 Normalization	 was	
performed	by	dividing	RMSE	by	 the	maximum	variability	 (maximum	
















ficients	of	variation	ranging	from	67%	in	the	calyces	of	S. littorea to 
126%	in	the	pedicels	of	B. officinalis.
Results	of	linear	relationships	between	relative	anthocyanin	con-





Color indices Formula used for spectral reflectance Formula used for digital images
Hue H = λ Rmax	[a] H = (g	−	b)/((Imax	−	Imin)	×	60)	[h] 
H′ = (2 * r – g − b)/(g − b)	[i]




















Lightness L = (Imax + Imin)/2	[h]
Saturation S = (Imax	−	Imin)/(2	−	(Imax + Imin))	[h]































ACCD = ((R450 + R650)/2)	−	R550	[d] ACCD = ((Nblue + Nred)/2)	−	Ngreen	[e]
Anthocyanin	content-	chroma	ratio ACCR = R550/((R450 + R650/2)	[e] ACCR = Ngreen/((Nblue + Nred)/2)	[e]





































































	[h] Sblue = Nblue/(Nred + Ngreen + Nblue)	[h]
References	shown	in	square	brackets.
λ	=	Wavelength	(nm);	Ri	=	Reflectance,	relative	to	white	standard,	in	wavelength	i; Nred,	Ngreen and Nblue	are	values	of	red,	green,	blue	channels,	respectively;	
r, b, g 	=		values	of	each	channel	divided	by	the	total	number	of	possible	values	for	the	channel	(i.e.	65,535	for	16-	bit	images);	Imax and Imin	are	maximum	and	
minimum	values	of	r,	g and b.	[a]	Endler	(1990);	[b]	Smith	(2014);	[c]	Andersson,	Pryke,	Örnborg,	Lawes,	and	Andersson	(2002);	[d]	Frey	(2004);	[e]	New	
indices	proposed	 in	 this	 study;	 [f]	Gamon	and	Surfus	 (1999);	 [g]	Gitelson	 et	al.	 (2009);	 [h]	Mizunuma	et	al.	 (2014);	 [i]	Mathieu,	 Pouget,	Cervelle,	 and	
Escadafal	(1998);	[j]	Bergman	and	Beehner	(2008).














had	similar	predictive	power	 to	 those	 found	 in	anthocyanin	content	
indices. The indices showing the highest r2	were	as	follows:	Sgreen	(five	
studied	 samples),	 ACCB	 (four	 studied	 samples),	 ACCR (three studied 
samples),	and	R:GR	(two	studied	samples;	Table	3).




moderate-	high	 coefficient	 of	 determination	 (Table	4).	 Similar	 results	
were	found	with	C and CSC	indices,	with	only	a	moderate	relationship	
in S. littorea	petals.	In	general,	indices	relating	to	anthocyanin	content	
(i.e.,	 ACCD,	 ACCR,	 ACCB,	 R:GR,	 R:GI,	 and	mACI)	 showed	 good	 perfor-
mance	of	the	regression	model	 in	pedicels	and	petals	of	B. officinalis 
(higher r2	=	.94	 and	 .73,	 respectively),	S. littorea	 petals	 (r2	=	.79)	 and	
S. oleraceus	 stems	 (r2	=	.72)	 and	 a	moderate	 performance	 in	 S. litto-







In	 general,	 digital	 image	 method	 showed	 slight	 better	 accuracy	
than	spectral	reflectance	method	 in	estimating	anthocyanin	concen-
trations	 (Table	 S2).	 Mean	 NRMSE	 was	 higher	 in	 all	 plant	 samples,	
ranging	from	8.6%	to	13.1%	 in	digital	 image	estimations	 (B. officina-




between	 anthocyanin	 concentration	 from	 biochemical	 method	 and	







B. officinalis B. officinalis M. sylvestris
M. moricandi-
oidesa O. italicaa S. littorea S. littorea
S. olera-
ceusa
Petals Pedicels Petals Petals Petals Petals Calyces Stems
Hue	(H) 0.01ns 0.93*** 0.06ns 0.36*** 0.68*** 0.33* 0.61*** 0.60***
Hue	(H′) <0.01ns 0.92***,a <0.01ns 0.36*** 0.05ns 0.28ns 0.55***,a 0.03ns
Brightness	(B) 0.20ns 0.77*** 0.75*** 0.75*** 0.16ns 0.43** 0.19ns 0.45***,a
Lightness	(L) 0.26ns 0.71*** 0.77*** 0.79*** 0.17ns 0.42** 0.14ns 0.36**,a
Saturation	(S) 0.66*** 0.28ns 0.85*** 0.83*** 0.10ns 0.87*** 0.31* 0.28*
Chroma	(C) 0.38* 0.79***,a 0.85*** 0.82*** 0.73*** 0.87*** 0.56*** 0.78***




0.11ns 0.89*** 0.69*** 0.28** 0.84*** 0.67*** 0.50*** 0.59***
Anthocyanin	content-	
chroma	ratio	(ACCR)
0.82*** 0.93*** 0.88***,a 0.78*** 0.86*** 0.88*** 0.62*** 0.80***,a
Anthocyanin	content-	
chroma	basic	(ACCB)
0.83*** 0.92*** 0.88*** 0.75*** 0.85*** 0.88*** 0.65*** 0.78***
Red:green ratio (R:GR) 0.46** 0.90*** 0.87*** 0.83*** 0.75*** 0.88*** 0.58*** 0.75***
Strength	of	green	(Sgreen) 0.82*** 0.94*** 0.88*** 0.77*** 0.86*** 0.88*** 0.63*** 0.81***
Strength	of	red	(Sred) 0.60*** 0.89*** 0.55*** 0.16ns 0.03ns 0.80*** 0.33* 0.67***
Strength	of	blue	(Sblue) 0.70*** 0.35ns 0.63*** 0.43*** 0.66*** 0.03ns 0.43** 0.16ns
The highest r2	for	each	species-	tissue	combination	is	highlighted	in	bold.
aindices	that	were	ln	transformed.
Absorbance	of	S. oleraceus,	O. italica and M. moricandioides	comparisons	were	also	ln	transformed.	Significance	after	Bonferroni’s	correction	for	multiple	
tests: *p < .05;	**p < .01; ***p < .001;	ns	=	nonsignificant.







predict	 anthocyanin	concentration	 in	 species	with	a	diversity	of	 an-







Keydan,	&	Merzlyak,	 2006;	Gonnet,	 1999).	 Specifically,	 indices	 that	
simply	stated	the	ratio	of	the	G	channel	over	the	R	and/or	B	channels	













thocyanin	 pigments	 in	 leaves,	 fruits,	 and	 stems	 (Gamon	 &	 Surfus,	
1999;	Gitelson	et	al.,	2009;	Gould,	Dudle,	&	Neufeld,	2010),	yet	often	
require	 destructive	 sampling.	 Here,	we	 show	 that	 this	 type	 of	 data	
is	 also	 suitable	 to	estimate	anthocyanin	concentration	 in	petals	 and	
other	photosynthetic	tissues	such	as	pedicels.	In	fact,	most	anthocy-






light	 reaching	 the	plant	 tissue.	The	 spectrophotometer	may	provide	
increased	spectral	resolution	than	the	digital	camera,	especially	when	
the	characteristics	of	the	camera	or	lens	are	low	quality	(Garcia,	Dyer,	
Greentree,	 Spring,	&	Wilksch,	 2013;	Kendal	 et	al.,	 2013;	Mizunuma	
et	al.,	 2014).	 However,	 the	 recent	 advance	 of	 camera	 optics	 and	
TABLE  4 Coefficient	of	determination	(r2)	and	statistical	significance	of	linear	regressions	between	relative	anthocyanin	concentration	and	
spectral	reflectance	indices
B. officinalis B. officinalis M. sylvestris S. littorea S. littorea S. oleraceusa
Indices Petals Pedicels Petals Petals Calyces Stems
Hue	(H) 0.01ns 0.66*** 0.09ns 0.19ns 0.45***,a 0.32*
Hue-	segment	classification	(HSC) 0.18ns 0.86*** 0.25ns
,a 0.66*** 0.52*** 0.19ns,a
Brightness	(B) 0.25ns 0.66*** 0.22ns <0.01ns 0.05ns 0.38**,a
Chroma	(C) 0.41* 0.37ns 0.15ns 0.60*** <0.01ns,a 0.26*
Chroma-	segment	classification	
(CSC)
0.09ns 0.37ns 0.32* 0.30* 0.34* 0.03ns
Anthocyanin	content-	chroma	
difference	(ACCD)
0.13ns 0.69*** 0.10ns 0.77*** 0.61*** 0.67***
Anthocyanin	content-	chroma	
ratio (ACCR)
0.55*** 0.72*** 0.54*** 0.75*** 0.45** 0.63***,a
Anthocyanin	content-	chroma	
basic	(ACCB)
0.61*** 0.81***,a 0.43**,a 0.79***,a 0.56***,a 0.63***,a
Red:green ratio (R:GR) 0.69*** 0.85*** 0.42***
,a 0.75***,a 0.60*** 0.57***
Red:green index (R:GI) 0.71*** 0.94*** 0.43**
,a 0.76***,a 0.53*** 0.70***,a
Modified	anthocyanin	content	
index (mACI)
0.73*** 0.87***,a 0.43**,a 0.75***,a 0.28* 0.60***,a
Strength	of	green	(Sgreen) 0.54*** 0.78*** 0.50*** 0.77*** 0.57*** 0.72***
Strength	of	red	(Sred) 0.16ns 0.84*** 0.41** 0.70*** 0.58*** 0.69***
Strength	of	blue	(Sblue) 0.51** 0.39ns <0.01ns 0.01ns 0.34* 0.01ns
The highest r2	for	each	species-	tissue	combination	is	highlighted	in	bold.
aIndices	that	were	ln	transformed.
Absorbance	 of	 all	 S. oleraceus	 comparisons	 was	 also	 ln	 transformed.	 Significance	 after	 Bonferroni’s	 correction	 for	 multiple	 tests:	 *p < .05;	 **p < .01; 
***p < .001;	ns	=	nonsignificant.






In	 most	 species	 and	 tissues,	 estimating	 anthocyanin	 concen-
tration	 by	 digital	 images	 showed	 similar	 or	 slightly	 better	 perfor-
mance	 than	 using	 spectral	 reflectance.	 In	 petals	 of	 M. sylvestris,	
this	difference	was	more	pronounced,	which	might	be	due	to	their	
striped	 pigmentation	 pattern.	 Similarly,	 previous	 studies	 reported	
high	effectiveness	of	color	captures	using	digital	images	when	mea-
sures	are	carried	out	 in	biological	material	with	nonuniform	colors	
or	 texture	 (Gómez	 &	 Liñán-	Cembrano,	 2016;	 Kendal	 et	al.,	 2013;	
Pike,	 2011;	 Stevens	 et	al.,	 2007).	 In	 this	 vein,	Garcia	 et	al.	 (2014)	
compared	digital	 images	with	spectrophotometer	data	in	analyzing	
petal	color	of	eight	species	with	variable	pigmentation	patterns	and	
found	 that	 when	 the	 pattern	 is	 complex,	 the	 spectrophotometer	




This	 explains	why	 samples	with	 similar	 anthocyanin	 concentration	
showed	very	different	values	of	Sgreen	 calculated	 form	spectral	 re-
flectance	 (Figure	4).	This	 problem	can	be	 solved	by	measuring	 re-
flectance	in	multiple	points	of	the	sample	(e.g.,	Garcia	et	al.,	2014),	









values	of	M. moricandioides,	O. italica and 
S. oleraceus,	were	log	transformed	(see	
Table	3)
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particularly	when	 it	 is	 compared	with	 the	 time	 needed	 to	 take	 a	





tance	method.	In	petals	of	O. italica and M. sylvestris,	anthocyanins	
accumulate	in	epidermal	cells,	whereas	in	S. littorea	calyces,	the	an-
thocyanins	are	also	stored	in	basal	cells	of	the	trichomes	(Del	Valle	




Although	 our	 digital	 image	 methodology	 has	 numerous	 advan-
tages,	 there	 are	 some	 limitations.	 For	 example,	when	 anthocyanins	
are	 not	 homogeneously	 distributed	 throughout	 a	 three-	dimensional	
structure,	digital	 images	may	not	accurately	predict	 the	anthocyanin	
concentration	 because	 single	 digital	 images	 can	 only	 capture	 two-	
dimensional	plane	of	data.	Digital	photography	may	also	fail	in	cases	
when	the	cells	of	the	measured	surface	are	 irregular.	Cell	shape	has	















In	 conclusion,	 we	 have	 demonstrated	 that	 digital	 images	 bring	
new	opportunities	 to	 accurately	 quantify	 anthocyanin	 concentration	



















     |  11del VAlle et Al.




















Data	 for	 the	 studied	 species	have	been	deposited	 in	 the	Dryad	 re-
pository:	https://doi.org/10.5061/dryad.kb552.	Two	samples,	repre-
senting	the	lightest	and	darkest	spectral	reflectance	of	each	species,	
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